indicating that yeast-based phenotypic screens can even be successful for human proteins whose homologues are not present in yeast.
the completion of the sequencing of the human genome and the progress of the human cdna projects have made it possible for most, if not all, human cdnas to be expressed in yeast. given that a large number of proteins probably remain to be assigned as causes of diseases, more comprehensive screening with a yeast cell-based strategy may cover a far broader range of lead compounds. furthermore, even if they are not druggable, it is also possible that analyses of the biological alterations induced by novel compounds in human cells might reveal unexpected protein functions. in view of these points, we have designed a research project, designated the "humanized yeast project," in which comprehensive screening of human cdnas that inhibit yeast growth is planned. in the present study, we expressed 10,302 human cdnas (~50% of the total cdnas) in a budding yeast (Saccharomyces cerevisiae) and found that approximately 5.6% of the cdnas, including those for protein kinases, interfered with the yeast growth.
Protein kinases are the largest enzyme superfamily involved in cell signal transduction. the human genome contains more than 500 genes encoding protein kinases, 9 and at least 30% of human proteins are phosphorylated by protein kinases, 10 suggesting that protein kinases play crucial roles in human physiology and pathophysiology. Consequently, protein kinases represent therapeutic targets for a range of diseases. indeed, many successful developments of protein kinase inhibitors and Hts technologies for drug discovery against the human kinome have been reviewed recently. 11 this article reports the feasibility of a yeast cell-based method for surveying inhibitors of human protein kinases. this strategy was validated using human c-yes, a tyrosine kinase, and known inhibitors of c-yes. Budding yeast contains more than 100 known serine/threonine kinases, but no typical tyrosine kinases have been found to date. 12 
MatErIalS and MEtHodS

Yeast strains
to screen for human cdnas that repressed yeast growth, an S. cerevisiae (budding yeast) wild-type strain, W303-1a (MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3- 11, 15) , or By4742 (MATα ura3Δ0 leu2Δ0 his3Δ1 lys2Δ0) was used. for the experiments involving protein kinase inhibitors, a triple-mutant yeast strain deficient in ERG4, PDR1, and PDR3, which are involved in membrane permeability and the efflux of xenobiotics, was generated from the W303-1B strain (MATα leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3- 11, 15 ) (mukai et al., manuscript in preparation). to generate a triple-mutant yeast strain expressing C-terminally Ha-tagged Hsp82 (Hsp82-Ha) or Hsc82-Ha, PCr-based Ha tagging was performed according to a previously described method. 13 in these cells, endogenous HSP82 and HSC82 were replaced with HSP82-HA and HSC82-HA, respectively.
Plasmids, transformation, and cultures
three types of vector plasmids, comprising a multicopy yep-type plasmid (pyes-dest52; invitrogen, Carlsbad, Ca), a single-copy yCp-type plasmid, and an integration yip-type plasmid, were used for expressing human proteins in yeast. the human cdnas were transferred from the entry clones 14 to pyes-dest52 using the gateway lr reaction and a recombinase (invitrogen) according to the manufacturer's protocol. to construct the yCp-type plasmid, pyes-dest52 was digested with Spe i, Sap i, and Stu i, and the resulting 2.7-kb fragment containing the GAL1 promoter and the gateway cassette was isolated. this fragment was blunt-ended with a Blunting High kit (toyobo, osaka, Japan) and inserted into the Sma1 site of the expression vector prs316 (provided by the national Bioresource Project [nBrP] of the meXt, Japan). 15 to construct the yip-type plasmid, pyes-dest52 was digested with Nhe i and SnaB i to delete the 2µ region, blunt-ended with the Blunting High kit, and self-ligated.
in all of the expression plasmids, expression of human cdnas was under the control of the GAL1 promoter. transformation of yeast with the plasmids was carried out according to a previously described method. 16 Precultures of yeast before galactose-induced expression of c-yes were carried out in media containing 2% glucose or 2% raffinose. in experiments involving time-dependent induction of c-yes, the cells were precultured in the raffinose media because the glucoseinduced repression of the GAL1 promoter continued for a while after the removal of glucose, whereas raffinose did not have this effect. therefore, when the precultures were carried out in the presence of raffinose, the GAL1 promoter was immediately activated after the addition of galactose. induction of c-yes expression was initiated in media containing 2% galactose after washing out glucose or raffinose in the precultures.
Screening of cDNAs that suppress the growth of yeast
to assess the effects of human proteins on the growth of yeast, wild-type yeast cells harboring pyes-dest52 containing a human cdna were grown in the noninducing (glucose) liquid medium at 30 °C for ~12 h until the cultures reached saturation. after 2 washes with sterile water, the cells were resuspended in the inducing (galactose) medium and serially diluted by 5-fold. the resulting cell suspensions were spotted onto plates containing the noninducing or inducing medium and incubated at 30 °C for 2 days. as a control, yeast cells harboring the empty vector were treated in the same way.
Protein kinase inhibitors and their effects on c-Yes-induced repression of yeast growth
the effects of known protein kinase inhibitors on the c-yesinduced repression of yeast growth were examined using the triple-mutant yeast strain that expressed c-yes through the yCp-type plasmid. the protein kinase inhibitors were all dissolved in dmso. the inhibitor solutions were serially diluted by 2-fold with dmso, and their final concentrations ranged from 100 µm to 1.52 nm (18 different concentrations). the final concentration of dmso was adjusted to 1%. the restorative effects of the protein kinase inhibitors on the c-yesinduced growth retardation of yeast were assayed by measuring the cell densities after culture of the cells in the presence of the inhibitors or 1% dmso alone. yeast cells harboring expression plasmids for c-yes were grown in the noninducing (glucose) liquid medium at 30 °C for ~12 h until the cultures reached saturation. the cells were washed twice with sterile water and suspended in the inducing (galactose) liquid medium. the suspensions were diluted with the medium to adjust their optical densities at 600 nm to 0.01. the resulting cell suspensions were dispensed into 96-well plates at 99 µl/well, and 1 µl of an inhibitor was added. the plates were incubated with 30 °C, and the optical densities were determined after specified intervals (24, 48 , and 72 h). the ratios of the optical densities between the cultures in the presence of inhibitors and the control cultures (dmso alone) were calculated.
Cell extracts and immunoblotting
Harvested cells were washed twice with distilled water and lysed using glass beads in a lysis buffer consisting of 50 mm tris-HCl (pH 8.0), 150 mm naCl, 5 mm edta, 1.0% triton X-100, 1 mm dithiothreitol [dtt], 1 mm phenylmethylsulfonyl fluoride [Pmsf], and a protease inhibitor cocktail (nacalai tesque, kyoto, Japan). after centrifugation of the lysates at 13,200 rpm for 30 min, the supernatants were analyzed by immunoblotting with the following primary antibodies: anti-cyes (1:5000; Bd Biosciences Pharmingen, san diego, Ca), anti-Ha (1:2000; mBl, nagoya, Japan), anti-α-tubulin (generously provided by dr. andrea Baines, sir William dunn school of Pathology, university of oxford), and anti-phosphotyrosine (millipore, Billerica, ma). as the secondary antibodies, horseradish peroxidase (HrP)-conjugated antimouse igg antibody and HrP-conjugated antirabbit igg antibody (1:5000; invitrogen) were used.
Coimmunoprecipitation of human c-Yes with yeast chaperones
the triple-mutant yeast strains expressing the Ha-tagged yeast chaperones (Hsp82-Ha or Hsc82-Ha) were engineered to produce c-yes-V5 fusion proteins under the control of the GAL1 promoter. the cells harboring the c-yes-V5 expression plasmid were precultured in the noninducing medium containing raffinose. the culture medium was then replaced with the inducing medium containing galactose, and the cells were cultured for 2 h. the supernatants of cell lysates were obtained as described above and treated with anti-V5 antibody-conjugated agarose beads (sigma). the immunoprecipitates were subjected to immunoblotting to analyze whether c-yes coimmunoprecipitated with Hsp82 and/or Hsc82. c-yes in the precipitates was detected using an anti-c-yes antibody, whereas Hsp82 and Hsc82 were detected using an anti-Ha antibody.
RT-PCR
the triple-mutant yeast strain harboring the expression plasmid for c-yes was cultured in the presence of galactose for 2 h. radicicol (0.78 µm) or geldanamycin (6.3 µm) was added at zero time. after 2 h of culture, total rna was isolated using an rneasy mini kit (Qiagen, Piscataway, nJ) according to the manufacturer's protocol. rt-PCr was conducted with revertra ace-α (toyobo) using 0.8 µg of each total rna and specific primers that amplified the c-yes cdna. as an internal control, the mrna of α-tubulin was detected. the primers used were 5′-tatgtagCgCCtgC agattCCattC-3′ and 5′-CCata tCaaCCagCtgtggaa g C ttCa-3′ for c-yes and 5′-Caa gaggCCattaCaCCgt tggtaga-3′ and 5′-CaCCCCtg tataaCagaCaagtag CCa-3′ for α-tubulin.
rESultS
Interference of yeast growth by human proteins
to screen the human proteins that repressed the growth of yeast, the full-length human cdnas of 10,302 (~50% of the total cdnas) were introduced into yeast cells using a multicopy-type yeast expression vector in which the expression of the human cdnas was galactose inducible. Figure 1 shows a representative example of the inhibition of yeast growth. the galactose-induced expression of human c-yes caused repression of the yeast growth, whereas cultures in the noninducing condition (glucose medium) showed no effect on the growth. c-yes is a plasma membrane-associated tyrosine kinase that belongs to the src family as described below.
among the cdnas, 583 clones (~5.6% of the tested clones) showed inhibitory effects on yeast growth. We did not examine the expressions of mrnas or proteins encoded by cdnas that showed no effect on the yeast growth. table 1 lists representatives of the human proteins that inhibited the yeast growth. these proteins included proteins that play crucial roles in a wide variety of cell behaviors, such as cell proliferation, cytoskeleton, dna replication, protein kinases, and others, which may be promising targets for screening chemicals. interestingly, ~25% of the human proteins that showed inhibitory effects on the yeast growth had unknown cellular functions. studies of the molecular mechanisms by which the yeast growth is repressed by these uncharacterized proteins and the identification of small compounds that can reverse the repression of yeast growth will greatly contribute to clarifying the physiological functions of these proteins.
Interference of yeast growth by human protein kinases
We focused on protein kinases because they are strongly related to various diseases. among the 263 (50% of the total) protein kinases tested, 60 protein kinases (~23%) caused repression of the yeast growth ( table 2 ) . table 3 shows the percentages of the repressive enzymes in different kinase subfamilies. the tyrosine kinase subfamily showed a high score of 35.5%. Hsp90, a molecular chaperone in vertebrates, binds to its client proteins during or immediately after their synthesis and thereby guarantees the proper folding of the client proteins. Because the numerous signaling proteins whose mutations and aberrant expression cause cancers are clients, Hsp90 is an emerging therapeutic target for treatment of cancer. 17 src family members, including c-yes, require Hsp90 for maintaining their functions. Hereafter, c-yes was used for the validation of the yeast-based screening system for small molecules because if yeast homologues of Hsp90 interact with c-yes, we would be able to identify the molecules that inhibit the function of Hsp90 as well as those that inhibit c-yes directly.
Optimization for screening and validation of the screen system
one drawback of using yeast for large-scale drug screening is the presence of the cell membrane, which may function as a permeability barrier and contains efflux pumps for small molecules. improvements have been attempted by generating yeast strains that lack genes that are probably responsible for these disadvantages. 18 , 19 to increase the intracellular concentrations of the small molecules to be tested, we prepared a triple-mutant yeast strain that lacked ERG4 , PDR1 , and PDR3 (mukai et al., manuscript in preparation). erg4 is involved in the biosynthesis of ergosterol, which strengthens the permeability barrier of the yeast membrane to small molecules, 18 whereas Pdr1 and Pdr3 are transcription factors that stimulate the expression of pump proteins for the efflux of xenobiotics. 19 as described below, 6 compounds including PP2 were found to recover the c-yesinduced repression of the yeast growth. PP2 is one of the known inhibitors of c-yes. 20 Cyclin a1 repressed the growth of yeast ( table 1 ) , and radicicol, an Hsp90-mediated tyrosine kinase inhibitor (see below), reversed this repression by an FIG. 1. Human c-yes inhibits the growth of yeast. the yeast strain harboring the yep-type plasmid engineered to express c-yes under the control of the GAL1 promoter was cultured in the noninducing glucose medium. the cultures were then serially diluted by 5-fold and spotted onto plates containing the inducing galactose medium or noninducing glucose medium. the data show the growth after incubation for 2 days. yeast cells containing the empty vector were used as controls. unknown mechanism. to show that the triple-mutant strain is more convenient for screening chemical compounds than the wild-type strain, we compared these 2 strains with respect to the PP2-and radicicol-dependent recovery of growth. as shown in Figure 2a , the dose-dependent curve of PP2 in the triple-mutant strain was similar to that in the wild-type strain, indicating that the permeability increase by mutations did not improve the sensitivity to PP2 (eC 50 app = 0.54 µm in the wildtype strain and 0.29 µm in the mutant strain), but the maximum growth recovery of the mutant yeast was seen at 4-fold lower concentration of PP2 than that of the wild-type yeast. in contrast, the radicicol-dependent recovery from the cyclin a1-induced growth repression was markedly sensitive in the triple-mutant strain as compared with that in the wild-type (Fig. 2b , eC 50 app = 2.04 µm in the wild-type strain and 0.06 µm in the mutant strain). reductions in the growth recovery at high concentrations of PP2 and radicicol are probably brought about by their cytotoxic effects. the relatively narrow concentration ranges of both compounds effective for the growth recovery may result because the concentrations causing their cytotoxicity are close to those required for the growth recovery. nevertheless, it was an advantage of the strain with an increased permeability that a minimum amount of chemical compounds could be assayed, and therefore we decided to use the triple-mutant yeast for further experiments.
next, to validate this screening system, we examined whether the c-yes-induced retardation of the yeast growth was specifically reversed by known inhibitors for c-yes. among 85 protein kinase inhibitors tested, 6 compounds (PP2, PP1 [a PP2 analog], su6656, radicicol, geldanamycin and purvalanol a) were able to reverse the c-yes-induced inhibition of the yeast growth. Figure 3 shows the dose-dependent growth recoveries by the 6 positive compounds (PP2 is again included for comparison), among which radicicol was the most potent. at high concentrations, these compounds were cytotoxic, narrowing the effective ranges. all of these compounds could be related to c-yes. PP2, PP1, and su6656 are tyrosine kinase inhibitors with broad-spectrum substrate specificities. 20,21 radicicol and geldanamycin were initially thought to act directly on tyrosine kinase proteins but were later shown to inhibit the enzyme activities via binding with Hsp90. 22, 23 as described below, we found that c-yes is a client protein of yeast Hsc82, a homologue of Hsp90.
it was unexpected that purvalanol a reversed the c-yesinduced growth interference because purvalanol a and B (carboxylated purvalanol a) were thought to be selective inhibitors of cyclin-dependent kinases (Cdks), which are members of the serine/threonine kinase family. 24 more recently, however, purvalanol B was reported to interact with nonreceptor tyrosine kinases, including c-yes, and receptor 
FIG. 2.
deletions of genes involved in membrane permeability and efflux pumps provide the mutant yeast cells convenient for surveying small compounds. the triple-mutant yeast strain lacking ERG4, PDR1, and PDR3 and the wild-type yeast strain were transformed with the yep-type plasmid expressing c-yes or cyclin a1. the transformed cells expressing (a) c-yes or (b) cyclin a1 were cultured in suspension in the inducing medium in the presence of various concentrations of PP2 or radicicol, respectively. PP2 is a known inhibitor of c-yes, 20 and radicicol recovers the cyclin a1-induced growth repression by an unknown mechanism. the growth of the yeast cells was estimated by measuring the optical densities at 600 nm after culture for 72 h. the growth recovery was calculated as ratios of the optical densities between the cultures in the presence of PP2 and those in the presence of dmso alone. the apparent half-maximal effective concentration (eC 50 app ) of a compound was determined by measuring the concentration that gives the halfway optical densities at 600 nm between the baseline (dmso alone) and the maximum growth recovery. in the yeast expressing c-yes, eC 50 app values of PP2 were 0.54 µm in the wild-type strain and 0.29 µm in the triple-mutant strain. in the yeast expressing cyclin a1, eC 50 app values of radicicol were 2.04 µm in the wild-type strain and 0.06 µm n the triple-mutant strain. tyrosine kinases as well as Cdks. 25 although we currently have no evidence for an interaction of c-yes with purvalanol a, it is conceivable that c-yes expressed in yeast is a target of purvalanol a, thereby leading to the recovery of c-yesinduced inhibition of the yeast growth. these findings indicate that the actions of the 6 compounds are exerted through c-yes rather than nonspecific off-targets, thus supporting the validity of the system.
PP2, PP1, SU6656, and purvalanol A inhibit c-Yes activity directly, whereas radicicol and geldanamycin act indirectly
next, we examined the tyrosine phosphorylation of proteins by c-yes and the inhibition of phosphorylation by the 6 compounds described above. the tyrosine phosphorylation was detected using an anti-phosphotyrosine antibody. Culture for 2 h after the addition of galactose was sufficient to induce the FIG. 3. c-yes inhibitors restore the human c-yes-induced inhibition of yeast growth in dose-dependent manners. the restoration of the yeast growth was assayed as described in the legend for Figure 2 , except that the yCp-type plasmid was used for the expression of c-yes. eC 50 app values of PP2, PP1, su6656, radicicol, geldanamycin, and purvalanol were 0.29 µm, 2.26 µm, 1.73 µm, 0.26 µm, 2.20 µm, and 9.24 µm, respectively. eC 50 app values were determined as described in Figure 2 .
full expression of c-yes in yeast (Fig. 4a) . the expression of c-yes produced several phosphorylated proteins, and the phosphorylation was reduced by the 6 compounds (Fig. 4b) . the c-yes-mediated phosphorylation was severely inhibited by radicicol, geldanamycin, and purvalanol a; moderately inhibited by PP2 and PP1; and slightly inhibited by su6656. Currently, the phosphorylated proteins responsible for the c-yes-induced repression of yeast growth are unknown. next, we examined the effects of the 6 compounds on the expression of c-yes protein because the growth repression can be caused not only by inhibiting the c-yes activity but also by decreasing its expression levels. as shown in Figure 4c , PP1, PP2, and su6656 did not change the c-yes expression levels, suggesting that the restoration of the yeast growth by these compounds is mediated through direct inhibition of the c-yes activity. Purvalanol a caused an appreciable reduction in the c-yes expression level by an unknown mechanism. this reduction may partly contribute to the purvalanol a-derived inhibition of phosphorylation. in contrast, c-yes was almost undetectable in the presence of radicicol or geldanamycin. the mrna levels of c-yes remained unchanged upon treatment with radicicol or geldanamycin (data not shown), excluding the possibilities that these compounds reduced the transcription of the c-yes gene and/or the stability of its mrna. next, we examined the effects of these compounds on the stability of c-yes protein in the yeast cells. after inhibition of the galactoseinduced transcription of the c-yes gene by the addition of glucose, the decay rates of c-yes in cells cultured with and without , radicicol (radi.), and geldanamycin (gelda.) on the levels of c-yes. the triple-mutant yeast strain harboring the yip-type expression plasmid for c-yes was cultured for the indicated periods after the addition of galactose and c-yes inhibitors at the indicated concentrations. dmso was used as a control. the cell extracts (30 µg of protein) were subjected to immunoblotting with an anti-c-yes antibody. α-tubulin was evaluated as a loading control. (d) geldanamycin and radicicol promote the disappearance of c-yes. the triple-mutant yeast strain harboring the yip-type expression plasmid for c-yes was cultured for 2 h in the inducing galactose medium. the transcription was then halted by the addition of glucose. at the same time, geldanamycin (gelda. in the upper panel) and radicicol (radi. in the lower panel) were added at final concentrations of 3.13 µm and 0.78 µm, respectively. after culture for 0.5, 1, and 2 h, the cell extracts were subjected to immunoblotting with an anti-c-yes antibody. α-tubulin was evaluated as a loading control. lanes 1-4: culture for 0, 0.5, 1, and 2 h without geldanamycin and radicicol, respectively; lanes 5-7: culture for 0.5, 1, and 2 h with geldanamycin (3.13 µm) or radicicol (0.78 µm), respectively. geldanamycin or radicicol were compared. as shown in Figure  4d , both compounds accelerated the disappearance of c-yes, indicating that these compounds shortened the lifetime of c-yes in the cells. these results make it likely that the inhibition of phosphorylation by radicicol and geldanamycin was not caused by the inhibition of c-yes activity but by the rapid degradation of c-yes.
src family members, including c-yes, associate with the intracellular surface of the plasma membrane through the myristoylation of their n-terminal glycine residues. an interaction with Hsp90 is required for the transit of these members to the plasma membrane. 17 Budding yeast has 2 genes, HSC82 and HSP82, that are homologous to vertebrate Hsp90. 26 Hsc82 is expressed abundantly at normal growth temperatures (25-30 °C) , whereas Hsp82 is heat inducible. c-yes may interact with these yeast chaperones, and the accelerated disappearance of c-yes by radicicol and geldanamycin may be derived from the compound-induced inactivation of the chaperones. to examine the interactions of human c-yes with the yeast Hsp90 homologues, we prepared 2 types of yeast expressing Ha-tagged protein in which the endogenous HSC82 and HSP82 were replaced with HSC82-HA and HSP82-HA, respectively. these yeasts were engineered to express V5-tagged c-yes in the galactose medium. after culture for 2 h in the inducing media, the cell extracts were treated with an anti-V5 antibody. Hsc82, Hsp82, and c-yes in the immunoprecipitates were detected by Western blotting. Hsc82 was a major component that coimmunoprecipitated with c-yes, but a small amount of Hsp82 was also detected in the immunoprecipitates (Fig. 5a) . neither the tagged Hsc82 and Hsp82 nor c-yes was detected in the immunoprecipitates after culture in the glucose medium (not shown). these results indicate that c-yes binds predominantly with Hsc82. then we examined whether radicicol and geldanamycin inhibited the interaction between c-yes and Hsc82. the addition of either compound to the cells after culture for the induction of c-yes markedly reduced Hsc82 in the immunoprecipitates (Fig. 5b) . taken together, we conclude that binding of radicicol and geldanamycin with yeast Hsc82 disrupts the complex of c-yes and Hsc82 or interferes with formation of this complex, thereby leading to rapid degradation of c-yes. Currently, it remains unknown whether the degradation is mediated through the proteasome pathway or other pathways. dIScuSSIon in this article, we have reported experimental results that demonstrate the usefulness of a yeast-based screening system for surveying targets that may be druggable. to validate the screening system, c-yes, a tyrosine kinase, was used as a representative of the human protein kinases that were found to repress the growth of yeast. the examination of 85 known inhibitors for protein kinases identified 6 compounds that were able to restore the c-yes-induced repression of the yeast growth. the restorative actions of the 6 compounds were ascribable to the inhibition of c-yes activity or the destruction of c-yes protein. this high specificity confirms the validity of the screening system, at least for protein kinases.
the first attempt at a yeast-based screening system for drug discovery was made using 38 heterologous cdnas, and 30% of these cdnas showed inhibitory effects on yeast growth. 2 this value is much higher than the 5.6% described in this article. this difference may arise because cdnas encoding proteins involved in signal transduction and cell growth were mainly used in the first attempt, whereas human cdnas were used randomly in the present experiments. indeed, when we focused on protein kinases, the percentage of cdnas with inhibitory effects on the yeast growth increased to an average value of 22.6% with the highest value of 35.5% for tyrosine kinases.
Hsp90 is a molecular chaperone expressed at high levels in vertebrates and supports the proper folding of its client proteins. the Hsp90 client proteins include a wide variety of signal transmission-related proteins such as protein kinases. Hsp90 also binds with mutated and oncogenic client proteins, thereby ensuring their functions and resulting in the promotion of growth of transformed cells. 22 furthermore, the identification of Hsp90 at the cell surface has led to the possibility that this protein may play a unique role in tumor metastasis. 27 Consequently, inhibitors of Hsp90 may be effective as anticancer drugs, and extensive studies have been devoted to the identification of druggable compounds, including derivatives of radicicol and geldanamycin. 17, 23, 28, 29 in the present study, we have shown that a yeast-based screening system expressing human c-yes, one of the Hsp90 client proteins, selected 2 types of compounds. one type bound directly to the client protein, whereas the other type bound to yeast Hsc82 to release the client protein, thereby resulting in its rapid degradation. By examining the expression of the client protein (c-yes in this study) in yeast, one can easily determine whether the inhibition of the client protein activity by the chemical compounds is derived from direct binding to the client protein or inactivation of its chaperone. therefore, the yeast system is useful for screening compounds that abolish the function of Hsp90 when its client proteins repress the growth of yeast.
Vertebrates contain 2 HsP90 genes, HsP90α and HsP90β. Hsp90β is constitutively expressed at a higher level than Hsp90α, whereas Hsp90α is stress inducible and overexpressed in many cancerous cells. the replacement of both yeast chaperone isoforms with either of the human HsP90s may provide a system with higher efficacy for screening candidates with anticancer actions mediated through Hsp90. although deletion of both yeast Hsc82 and Hsp82 causes cell death, expression of either of the human HsP90s results in cell survival. interestingly, expression of HsP90β in the mutant yeast lacking both yeast comprehensive Screening of Human Genes journal of Biomolecular Screening 15(4); 2010 www.sbsonline.org 377 chaperones rendered the yeast cells highly sensitive to radicicol. 30 in this case, the glucocorticoid receptor, v-src tyrosine kinase, and extracellular signal-regulated kinase-5 were used as client proteins. application of the yeast system can be expanded to a mutant yeast that lacks the yeast proteins of interest. in fact, we have found that the human C18orf26 protein with an uncharacterized function inhibited the growth of a mutant yeast lacking mad2 protein, a component of the mitotic checkpoint complex that monitors the attachment of spindles to kinetochores. the C18orf26 protein had no effects on the growth of the wild-type yeast. the chemical compounds identified by detecting the growth restoration of the mutant yeast induced apoptotic cell death of human cancer cells in a C180rf26 protein-dependent fashion (kunoh et al., unpublished data, manuscript in preparation). therefore, it appears that the yeast-based screening strategy has potentials that are almost limitless.
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